We report on a case of autocatalytic feedback in a template directed synthesis of a selfcomplementary hexa-PNA from two trimeric building blocks. The course of the reaction was monitored in the presence of increasing initial concentrations of product by means of RP-HPLC. Kinetic modeling with the SimFit program revealed parabolic growth according to the so-called square-root law. The observed template effect, as well as the rate of the ligation, was significantly influenced by factors like nucleophilic catalysts, pH value, and uncharged co-solvents. Systematic optimization of the reaction conditions allowed us to increase the autocatalytic efficiency of the system by two orders of magnitude.
aqueous buffered solutions was monitored by RP-HPLC. In order to detect self-replication, the reaction was followed in the presence of different amounts of initially added ligation product T [48] . The resulting data points were then simultaneously kinetically modeled using our SimFit program [49] : Model A (eqs. 1 and 2) includes the bimolecular background reaction of A and B to give hexa-PNA T (k a , Scheme 2) as well as a (pseudo) first order decay of F-PNA A (k c ) which allows to correct for the hydrolysis of the coupling reagent.
Model B (eqs. 1-3) considers also an autocatalytic pathway in which T is supposed to be able to reversibly preorganize a pair of A and B (K 1 , Scheme 2) by hydrogen bonding in a termolecular complex [A·B·T] . In consequence, a pseudo-unimolecular ligation reaction (k b )
should take place leading to template duplex [T·T] . The reversible dissociation (K 2 ) of this duplex produces two template molecules T, which may both enter another replication cycle.
However, from thermodynamic considerations and data for published replication systems, it can be concluded, that most template molecules T will be present as [T·T] , a small fraction as
[A·B·T], and another small portion in an unpaired state. Due to this so-called product inhibition, one can expect the system to reveal parabolic growth (factor 0.5, eq. 3). Further information on this topic can be found in [48] .
A better agreement of the experimental data with model B than with A, as defined by the root mean square (RMS), was consequently taken as an indication for self-replication. Its efficiency under different reaction conditions was then determined by the autocatalytic excess factor ε (eq. 4), the quotient of the rate constants of the autocatalytic reaction channel and the background reaction. [30, 31] . The given imidazole derivative does not only regulate the pH, but also influences the ligation by acting as a nucleophilic catalyst (Scheme 3): First, an O-acylisourea A* is generated from the reaction of the carboxylic acid A with EDC. This active species can then react with the imidazole 1 to give the more stable imidazolide A** which yields the condensation product T upon reaction with the amine B. Consequently, the choice of the imidazole buffer is a crucial factor: The first report on PNA ligation [30] revealed EDC mediated coupling to be efficient in imidazole buffer, while 2-methylimidazole buffer inhibited the reaction. Nevertheless, EDC/2-methylimidazole was used in a further study by the same groups [31] . The influence of different imidazole derivatives on the efficiency of template-directed reactions is already known from the work of Orgel on RNA [50] , but there has been no systematical search through a library of imidazole derivatives for PNA, and therefore studies on PNA ligation predominantly employ the EDC/imidazole system [25, 35, 36] . In the presence of 1-methylimidazole buffer no template effect could be observed at 0° (Fig. 1a) ; accordingly model A fits the data better than model B and ε has a value close to zero ( Table 1) . Contrary, when imidazole buffer is used, one can observe a positive influence of added template on rate and yield of the reaction (Fig. 1b) which is also reflected in the kinetic data (ε = 12 M -1/2 , Table 1 ). After raising the temperature to 10°, a small template effect can be detected in 1-methylimidazole buffer, whereas the efficiency in imidazole buffer is more than doubled (Fig. 2, Table 2 ). In general, every replicator exhibits a characteristic optimal temperature because both, the rate constant k b , and the equilibrium concentration of the termolecular complex [A·B·C] depend on the temperature: The rate constant of the ligation is expected to increase with the temperature, while the equilibrium concentration of [A·B·C] is expected to decrease due to the weakening of the hydrogen bonds which stabilize the complex. From theoretical considerations, one can expect a parabolic replicator to work at its maximum rate if the temperature is adjusted between the melting temperatures of the termolecular complex and the product duplex [48] . The latter could not be determined exactly due to a non-cooperative melting process that presumably results from the disturbing effect of the fluoroaromatic isostere [51] (see suppl.). Therefore, we choose 10° for the following experiments to ensure a sufficient population of the productive termolecular complex.
Interestingly, the slower assay displays the more pronounced template effect here, while in case of DNA replicators the autocatalytic efficiency was found to be enhanced by faster ligation chemistries [42] [43] [44] 52] . Noteworthy, the deviation of the theoretical curves from the experimental data increases with the amount of initially added template T. This stems from the hydrolysis of the coupling reagent EDC which is effectively catalyzed by carboxylic acids: While the concentration of PNA carboxylic acid B is kept constant at 5 mM in all experiments, the quantity of trifluoroacetic acid correlates with the initial template concentration because all PNAs were used as trifluoroacetates owing to HPLC purification. In fact, both models account for EDC hydrolysis in general (eq. 2) but do not consider its dependency on template concentration. In addition, following the reaction necessitates the calculation of differences between HPLC integrals which is reasoned to give higher errors in the presence of elevated amounts of initial template.
Ligation and Replication in MOPS Buffer.
Further assays employed MOPS buffer, thus we were also able to investigate nucleophilic catalysts that cannot function as buffers in the neutral pH range. Generally, replication experiments at 10° were run simultaneously with control experiment at room temperature. In the absence of any added catalysts, efficient replication took place (Fig. 3a, Table 3 ), whereas significant amounts of side products were detected (data not shown). These could be suppressed effectively by adding any of the heterocyclic catalysts studied. Addition of imidazole or pyridine maintained self-replication at In contrast to DNA and RNA complexes, whose structures and stabilities are drastically governed by salt concentration and the valency of the cations [53] [54] [55] [56] [57] , PNA duplexes are typically independent to these factors owing to the non-charged backbone [58] . However, we reasoned that different anions might have an influence on the replication system because of the positively charged end modifications (Fig. 4, Table 4 ). All experiments already contained 0.2 M chloride ions due to the use of EDC hydrochloride as condensing reagent. At 0.1 M additionally chloride, neither the efficiency nor the yield of the replication were considerably affected. In contrast, both, sulfate and iodide improved the efficiency of the replication to a similar extent. Sulfate addition decreased the yield of hexa-PNA T, while iodide had a positive influence. Figure 5 and Table 5 show that the yield of the ligation product is limited by the hydrolysis of the condensing agent: Increasing the EDC concentration from 0.2 to 0.4 M doubles the yield of hexa-PNA T, while not biasing the autocatalytic excess factor ε. Further, rate and yield of the ligation increase with decreasing pH, as can be expected for an EDC mediated peptide coupling [59, 60] (Fig. 6 ). In terms of autocatalytic efficiency, pH 6.6 was the best of the three pH values tested (ε = 238 M -1/2 , Table 6 ). Subsequently, the combination of pH 6.6 and 0.4 M EDC allowed to establish reaction conditions optimized for fast replication and high conversion (Fig. 7 , Table 7 ). Increasing the imidazole concentration from 0.1 to 0.2 M gave no significant change in the autocatalytic excess factor ε, while slightly reducing the rate of the reaction (Fig. 8 , Table 8 ). The latter can be attributed to the influence of additional basic imidazole on the pH value. In the following, we explored the self-replicating system in the eutectic phase system as it is known to favor aggregates and organized structures which in turn are a prerequisite for replication [61] [62] [63] [64] [65] [66] . In addition, hydrolysis is repressed under these conditions due to a lower water activity. Figure 9 indicates that added template has only a small effect on the rate and yield of the ligation, a finding which is supported by the kinetic data when compared to the analogous experiment at 10° ( Table 9 ). This can be explained by pronounced product inhibition that might overwhelm an assumed positive effect on the termolecular complex at temperatures far below the melting point of the product duplex. Finally, the influence of uncharged co-solvents on the self-replicating system was studied because they were considered to have an impact on the structures and stabilities of the complexes involved [67] [68] [69] [70] (Fig. 10, Table 10 ). In fact, both, the addition of PEG3350 and ). Surprisingly, the ligation yield was amplified in the presence of PEG3350 but reduced by a factor of two to three in the presence of PEG400 when compared to the corresponding experiment without added cosolvent (Fig. 4b, Table 10 ). Additionally, the amount of side-products increased in the presence of both PEGs (data not shown). 
Conclusions and
Outlook. -In conclusion, we presented the first self-replicating system based on peptide nucleic acids in which a hexa-PNA catalyzes its own formation from two trimeric building blocks. The kinetics of the reaction were followed by RP-HPLC and analyzed by our SimFit program, thereby revealing parabolic growth according to the square-root law. The study concentrated on optimizing the autocatalytic efficiency of the system by systematically varying the reaction conditions for the EDC mediated condensation.
Thus, we were able to increase the autocatalytic excess factor ε by two orders of magnitude up
. Moreover, we found conditions for efficient and template free ligation of PNAs in aqueous solutions. Former methods used native chemical ligation or the derived native chemical iCys-ligation and necessitate the preparation of particular building blocks [35, 36, 38, 71] . We are currently continuing the screening of nucleophilic catalysts and uncharged cosolvents to enhance the autocatalytic efficiency of the system. In addition, HPLC monitoring will be improved by synthesizing a chemically marked template in order to avoid errors during the calculations of differences between HPLC integrals. In the long term, the analysis of the system will be expanded to kinetic 19 F-NMR titration.
Experimental Part
General. The synthesis of F-PNA A and PNA B was reported elsewhere [41] . Hexa-PNA T was isolated from preliminary experiments without initially added template using semi-prep. RP At appropriate times, 0.5 µl reaction solution was added to 500 µl of an aqueous solution containing 5 % MeCN and 0.1 % TFA. After mixing and vortexing, the resulting solution was immediately analyzed by RP-HPLC or kept at r.t. Storage at r.t. for several days had no effect on sample composition. Concentrations of PNA A and T were calculated from the respective HPLC areas by means of an internal calibration because both compounds gave sharp signals with comparable retention times (S4.). To this end, a calibration curve was recorded that correlated the area ratio with the concentration ratio of both compounds (S5.). Thus, the results are independent of changes in sample concentration or volume errors during sampling, dilution, and injection. Empirically, we found a linear relationship (eq. i). Table 4 define ( Table 4 define ( 
S2. MALDI-TOF Mass Spectra and RP-HPLC Plot of Hexa-PNA T (therein). Conditions: LP, THAP (MS)
;
Replication Assays Using 1-Methylimidazole Buffer
Conditions: 5 mM tri-PNAs A and B, 0.2 M EDC, 0.4 M 1-methylimidazole pH 7.5, 25 µl scale (see Fig. 1 and 
Replication Assays Using Imidazole Buffer
Conditions: 5 mM tri-PNAs A and B, 0.2 M EDC, 0.4 M imidazole pH 7.5, 25 µl scale (see Fig. 2 and 
Replication Assays Involving Different Nucleophilic Catalysts
Conditions: 5 mM tri-PNAs A and B, 0.2 M EDC, 0.2 M MOPS pH 7.2, 0.2 M NaCl, 6 µl scale, exp.1-2: T = 10°, exp.3: T = r.t. (see Fig. 3 and Table 3 Fig. 4 and Fig. 5 and Fig. 6 and 
Replication Assays Involving Different Imidazole Concentrations
Conditions: 5 mM tri-PNAs A and B, 0.2 M EDC, 0.2 M MOPS pH 7.2, 0.2 M NaI, 10°, 6 µl scale (see Fig. 8 and Fig. 9 and Fig. 10 and 
